The tripeptide 1,2-dihydro-(3H)-pyrrolo[3,2-e]indole-7-carboxylate (CDPI 3 ) binds to the minor groove of DNA with high affinity. When this minor groove binder (MGB) is conjugated to the 5′-end of short oligodeoxynucleotides (ODNs), the conjugates form unusually stable hybrids with complementary DNA in which the tethered CDPI 3 group resides in the minor groove. We show that these conjugates can be used as PCR primers. Due to their unusually high binding affinity, conjugates as short as 8-10mers can be used to amplify DNA with good specificity and efficiency. The reduced length primers described here might be appropriate for the PCR amplification of viral sequences which possess a high degree of variability (e.g., HPV, HIV) or for recent techniques such as gene hunting and differential display which amplify multiple sequences using short primer pairs.
INTRODUCTION
PCR has become an exceptionally powerful tool in molecular biology, but certain factors limit its versatility. Under the highly stringent conditions optimal for activity of a thermophilic polymerase, for instance, short primers cannot be used. Primers of ∼20 nucleotides in length (1) are normally used, since only ODNs of that length will form stable enough hybrids. There are important new techniques, such as gene hunting and differential display, for which a short primer is more appropriate, if not essential. In gene hunting, a family of amplified transcripts shares a short degenerate sequence that specifies a conserved peptide motif, and this priming sequence is necessarily limited in length (2) . In differential display, complete representation of a transcript pool is sought, and this would be best achieved priming with 6mers. The impracticality of using such short primers necessitates the use of longer degenerate ODNs (3), which may not provide an accurate representation of the complexity of an mRNA population. Mis-priming can generate non-specific bands, and inefficient hybridization of the primer can lead to an under representation of some transcripts (4) . Viral diagnostic applications have limitations because amplification of a common sequence from multiple strains can be complicated by the presence of genomic variability (5). Short ODNs would circumvent this problem by shortening the conserved sequences from which to prime.
By chemically modifying the primers to improve hybrid stability while still retaining good priming ability, it should be possible to shorten their length. Some such modifications have been shown to enhance hybrid stability but do not have a 3′-OH for extension, including N3′→P5′ phosphoramidates (6) and peptide (7) or guanidine (8) linkages. Other hybrid-stabilizing modifications that have not been shown to support primer extension are 2′-modified sugars (9,10), conjugated intercalating agents (11) and substituted bases such as 2-aminoadenine (12) or C5 propynyl pyrimidines (13) .
We report here that a modification which greatly improves hybrid stability also allows the ODN to serve as a PCR primer. CDPI 3 [the trimer of 1,2-dihydro-(3H)-pyrrolo[3,2-e]indole-7-carboxylate, or CDPI] is a synthetic non-reactive derivative of a subunit of the antitumor antibiotic CC-1065 (14) . This oligopeptide is a DNA minor groove binder (MGB), with a very high affinity for the minor groove of A-T-rich double-stranded DNA. We have previously reported that, when compared to unmodified ODNs of the same length, CDPI 3 -ODN conjugates form unusually stable and specific hybrids with complementary single-stranded DNA (15, 16) . We now report that conjugates of short ODNs with CDPI 3 make effective primers for PCR. As a result, the MGB-ODN conjugates improve the yield and accuracy of priming. ODNs as short as 8mers and G-C-rich 6mers are able to specifically prime the amplification reaction when conjugated to an MGB.
MATERIALS AND METHODS

Oligonucleotides
DNA synthesis was performed on an Applied Biosystems Model 394 DNA synthesizer using the 1 µmol coupling program supplied by the manufacturer. CDPI 3 was postsynthetically conjugated to the 5′-end of ODNs as described by Lukhtanov et al. (15) . ODNs were purified by HPLC on a reverse-phase column eluted by an acetonitrile gradient (usually 0-45%) in 100 mM triethylamine acetate (pH 7.5) buffer. Purity of unmodified ODNs was evaluated by electrophoresis on an 8% polyacrylamide-8 M urea gel with subsequent visualization by silver staining (Daiichi). Purity of the ODN-CDPI 3 conjugates was verified by analytical HPLC as described above. All ODN preparations had >95% purity. 
Thermal denaturation studies
Hybrids formed between MGB-tailed conjugates or unmodified ODNs and their complements were melted at a rate of 0.5_C/min in 140 mM KCl, 10 mM MgCl 2 and 20 mM HEPES-HCl (pH 7.2) on a Lambda 2S (Perkin Elmer) spectrophotometer with a PTP-6 automatic multicell temperature programmer. Each ODN (2 µM) was mixed with sufficient complement to give a 1:1 ratio. Prior to melting, samples were denatured at 100_C and then cooled to the starting temperature over a 10 min period. The melting temperatures (T m ) of the hybrids were determined from the derivative maxima and collected in Table 1 .
PCR reactions
All PCR reactions were performed on Perkin-Elmer Cetus DNA Thermocycler and included: PCR buffer (Promega) with no magnesium, 1.6 mM MgCl 2 , 50 µM dNTP, 50 nM each primer, 0.2 µg M13mp19 DNA and 1-2 U Taq DNA polymerase (Promega). Final volume for each reaction was 50 µl. The standard PCR profile was as follows: 3 min at 94_C, 30 cycles of 1 min at 94_C, 1.5 min at annealing temperature and 30 s at 72_C, finally followed by 5 min at 72_C and a 4_C soak. For the 8mers and 6mers, PCR was performed in the touch-down manner (17) with a starting annealing temperature of 55_C for 8mer primers and 50_C for 6mers. Each subsequent cycle had an annealing temperature 1_C lower until 41_C (for 8mers) or 37_C (for 6mers) was reached, with the final 15 cycles annealed at these final temperatures. Touch-down PCR has been shown to maximize the yield of product when using short primers (17) . Amplifications with 16mer, 12mer and 10mer primers were analyzed by electrophoresis of 10 µl of the reaction mixture on a 2% agarose gel and detection of the bands by ethidium bromide staining. Amplifications with 8mer and 6mer primers were analyzed by electrophoresis of 5 µl of reaction mixture on an 8% polyacrylamide sequencing gel and detection of the bands by silver staining (Daiichi). Figure 1 shows the structure of the ODNs conjugated at their 5′-terminus to CDPI 3 . The preparation of these MGB-ODN conjugates has been previously reported by Lukhtanov et al. (15) and was accomplished by reaction of the 2,3,5,6-tetrafluorophenyl ester of CDPI 3 with an oligonucleotide with a 5′-aminohexyl phosphate ester. Table 1 gives the melting temperatures (T m ) of duplexes formed by the MGB-ODN conjugates with complementary ODNs, and shows how length and G-C composition of the duplex modulate the stabilizing effect of a terminally-conjugated CDPI 3 group. For the 16mer duplexes, the largest increase in T m (22_C) attributable to a tethered MGB, was obtained when that group was flanked by a run of seven A-T base pairs (13-C versus 13) . A-T-rich sequences of this length form minor grooves which act as ideal binding sites for the CDPI 3 tripeptide. Of all the hybrids examined, the 16mer duplex formed by 4-C gave the highest absolute T m (66_C). This unusually high T m reflects an otherwise G-C-rich duplex which contains six A-T base pairs adjacent to the tethered CDPI 3 group. Conversely, a 16mer duplex with a G-C-rich sequence flanking the MGB conjugation site (12-C) was only 9_C more stable than the unmodified duplex (12) . The CDPI 3 group in this duplex binds in a less favorable G-C-rich minor groove (15) .
RESULTS AND DISCUSSION
The T m s reported for the shorter primers in Table 1 followed the same trends as for the 16mers. The primers with the A-T-rich regions adjacent to the MGB at the 5′-end had higher T m s than those with G-C regions, and they showed a greater increase in T m compared to their non-conjugated counterparts. The 10mers 3-C and 7-C, for instance, had T m values of 46-49_C, well within a range adequate for specific PCR priming.
The ODNs and MGB-ODN conjugates were tested as PCR primers using M13mp19 single-stranded DNA as the amplification substrate. Usually, unmodified and CDPI 3 -conjugated versions of the same ODN were tested in parallel using a PCR profile in which only the annealing temperature was varied. A lower than usual concentration of primers (<0.1 µM) was employed when using the MGB-ODN conjugates. This minimized any spurious interaction of these conjugates with A-T-rich sequences due to the anchor effect of the CDPI 3 group (16). To confirm the specificity of primer binding we performed a restriction analysis of PCR products. Every amplified product in this study contained a DdeI restriction site. Aliquots of selected PCR reaction mixtures were treated with this restriction endonuclease prior to analysis in a 2% agarose gel. In all cases the expected restriction fragments were obtained (data not shown). Figure 2A and B demonstrates the improved priming performance of 16mer MGB-ODN conjugates in comparison with unmodified primers. Conditions of amplification were the same with the exception of annealing temperature, which was 45_C for Figure 2A and 68_C for Figure 2B . While all of these 16mer ODNs primed at the lower temperature, only those with a 5′-CDPI 3 group primed at the higher temperature. Figure 2C confirms the advantages of conjugation of CDPI 3 to short primers 10 or 12 nt long. Both conjugated primers efficiently amplified the expected sequence. The same primers without a tethered MGB did not generate product detectable by ethidium bromide staining when amplified under the same conditions (data not shown). Figure 3 demonstrates that specific priming is possible even for primers as short as 8mer (Fig. 3A) and 6mer (Fig. 3B) . 10mer forward primer and 8mer or 6mer reverse primers were used in the reactions. The low levels of product necessitated the use of touch-down PCR (17) and detection of bands by silver staining. In each case the band of expected size was observed only where the reverse primer was conjugated to a CDPI 3 group. Figure 4 is a schematic diagram of the suggested structure of the hybrid formed between the MGB-ODN and the target singlestranded nucleic acid. The increase in stability of this hybrid compared to a non-conjugated ODN is seen in the binding of the tethered MGB in the duplex region. The binding region of the MGB probably spans up to 6 bp. Importantly for this study, the 3′-terminus of the duplex is still recognized by the DNA polymerase, as primer extension seems to depend only on hybrid stability and is not inhibited by the presence of the MGB.
The CDPI 3 -ODN conjugates evaluated here significantly extend the lower limit of primer length for PCR amplification and may prove useful in specialized PCR protocols where reduced primer length is desirable. The high binding affinity of MGB-ODN conjugates makes hybridization possible under more stringent conditions, where occluding secondary structure in the singlestranded template is minimized. We believe that this is the key to their utility in PCR. By refining the tethered minor groove binding moiety, it may be possible to significantly increase the versatility of these agents.
